We report a general fabrication technology for realizing singular or arrayed probes for scanning probe microscopy (SPM) applications. This method allows SPM probes to be made of a variety of materials, including metal, polymer (e.g., polyimide, SU-8), elastomer and silicon nitride. The probe shank and tip may be made of different materials. The mould-and-transfer fabrication process can realize arrayed tips with uniform geometries across a wafer, a feature that is especially useful for the development of large arrayed SPM probes. For example, an array with 1 M probes has been made with good uniformity of tip geometries and tip-to-tip spacing of 50 µm. Several specific SPM probe applications based on this process have been demonstrated to illustrate the utility of this general fabrication method. We discuss SPM probes with tips made of metal or polymer materials (polyimide, SU-8 and elastomer), for surface characterization and nanolithography.
Introduction
Scanning probe microscopy (SPM) utilizes cantilever SPM probes to perform surface characterization with high spatial resolution. The SPM instrument family includes scanning tuneling microscopy (STM), atomic force microscopy (AFM), near field scanning optical microscopy (NSOM) and lateral force microscopy (LFM), to name a few.
An SPM probe usually consists of a cantilever with at least one sharp tip attached at the distal end of the cantilever (or shank). The materials and geometries of the tip and cantilever may vary with applications. Commercially available SPM probes typically are made of either silicon or silicon nitride. Beyond surface characterization applications, SPM probes are now used to manipulate nanostructures (nanomanipulation) [1, 2] . They are playing increasingly important roles in life science studies [3, 4] , data storage [5] [6] [7] , nanolithography [8] and chemical/biological sensing [9] .
Presently, most SPM applications involve only a single SPM cantilever and tip. However, many future applications, such as data storage and nanolithography, call for arrayed SPM probes (one-dimensional or two-dimensional) to achieve high efficiency and throughput [5, 6, 10, 11] . In certain applications, individual heaters, actuators and sensors are required for each probe [12, 13] . The ultimate objective is to realize two-dimensional arrayed probes with high spatial density, uniform tip sharpness, high fabrication yield and flexible choices of tip and cantilever materials.
There are two areas of needed improvement to the fabrication and use of SPM probes.
(1) The most widely used technique to form integrated tips is through silicon etching (wet etching or dry plasma etching) [14] . However, since the etch rate on silicon varies across a wafer surface and exhibits run-torun variance, the process uniformity is generally poor, especially across large wafer areas. This makes the fabrication of large probe array rather difficult. (2) Silicon and silicon nitride are most often used as SPM tips and probes. However, for certain applications, other materials such as metals or polymers may be desired, for increased electrical conductivity, biochemical compatibility or optical properties.
We developed a mould-and-transfer fabrication process for realizing singular or arrayed SPM probes, whose tips can be made of materials other than silicon and silicon nitride. Our new fabrication process provides several unique advantages compared with existing SPM probe fabrication techniques in terms of flexibility of material, yield of array and tip formation uniformity.
In the paper, we first discuss the general strategy and then demonstrate a few selected applications. The new probes discussed are intended to offer unique advantages for certain unique applications-low costs, large array capability and material selection.
The mould-and-transfer process
The general mould-and-transfer process is illustrated in figure 1 . A single crystal silicon substrate with inverted pyramidal pits formed by anisotropic etching is used as the 'mould' to make the SPM probe tips. The three-dimensional profile of the inverted pits (bounded by four {111} silicon crystal surfaces) defines the shape of the SPM tip (figures 1(a) and (b)) [15] . Secondly, a sacrificial layer is deposited onto the etched silicon substrate ( figure 1(c) ). Thirdly, materials for the tip and cantilever are then deposited and patterned. The tip layer may fill the entire pit volume or may consist of a thin shell. Note that the tip and the cantilever do not have to be made of same materials ( figure 1(d ) ).
There are three process flow options between steps (c) and (d ). If the tip and the cantilever are made of the same material, option 1 will be taken. The material for the tip and the cantilever may be deposited (e.g., metal, silicon nitride) or spin-coated (e.g., polyimide). Photolithography is then used to pattern this material. The tip and the cantilever can also be electroplated.
In the case the tip and cantilever are made of different materials, there would be two optional approaches-i.e., options 2 and 3 in figure 1. According to option 2, the tip material may be deposited and patterned first, followed by the deposition and patterning of the cantilever material. According to option 3, one may first deposit a thin film material, pattern it to provide the cantilever and an opening overlapping the inverted pits, and then deposit and pattern the tip material. The choice of process sequence should satisfy the fact that any fabrication step should not adversely affect, thermally or chemically, the material layers already present on the substrate.
Next, a 'handle' is attached onto the probe cantilever to allow easy handling of delicate SPM probes after they are separated from the mould ( figure 1(e) ). Finally, the sacrificial layer is completely etched to detach the SPM probe from the silicon 'mould' ( figure 1(f ) ). Both the sacrificial layer material and etchant are carefully chosen so that the SPM probe and tip are not affected during the sacrificial layer etching. Preferably, this etching process should not attack the silicon mask mould, so that it can be reused.
Compared with other SPM probe fabrication processes developed so far, there are several advantages in terms of material and performance associated with the mould-andtransfer process.
(1) The profile of the probe tip is defined by that of the inverted pyramidal pits, which are bound by stable {111} surfaces and insensitive to overtime etching. The uniformity of tip profile can be achieved at wafer scale. This is critical for the development of large array of SPM probes in an economic fashion. (2) This process allows the use of a rich choice of materials such as silicon nitride, metals (by evaporation, sputtering, electroplating or electroless plating) and polymers (e.g., polyimide, polydimethylsiloxane (PDMS), photoresist, SU-8 resists). Also, the probe tip and cantilever can be made of different materials. Some known or predicted tip and cantilever material combinations for The etched silicon pits ideally have atomically sharp ends. However, the radius of curvature of tips suffers from the blanket deposition of the sacrificial layer. The thicker the sacrificial layer, the greater the radius of curvature. In our process, the thickness of sacrificial layer is generally 100-200 nm and the radius of curvature of moulded tips is generally 200-300 nm. This degree of sharpness is not as good as certain commercial probes; however these moderately sharp tips prove satisfactory for certain routine SPM, biochemistry and nanotechnology applications. If sharper tips are desired, a number of methods can be used, such as minimizing the thickness of the sacrificial layer, oxidation sharpening of the inverted pyramidal pit, attachment of carbon nanotubes [7] , or in situ growth of 'super tip' at the tip apex. However, these are beyond the scope of this manuscript.
Applications
We have successfully developed several specific types of SPM probes by using the mould-and-transfer process. The design, fabrication and utilization of these probes are discussed in the following in detail.
SPM probes with metal materials
SPM applications with conductive tips are often encountered. We first developed SPM probes with metal tip and cantilever by using the mould-and-transfer process. The fabrication process is illustrated in figure 2 . A 200 nm thick copper layer is evaporated onto the silicon mould as the sacrificial layer. A 2 µm thick nickel is then electroplated on top of the copper sacrificial layer to make the probe tip and cantilever, using the sacrificial metal film as electroplating seed layer ( figure 2(c) ). Many metal thin films, such as gold or Permalloy, can be used to replace nickel. Depending on the choice of cantilever material, the sacrificial layer may need to be changed so that (1) sacrificial etchant does not attack the cantilever and tip and (2) the etchant used to pattern the cantilever material does not attack the sacrificial layer.
A 50 µm thick SU-8 resist (Nano SU-8 50, Microchem Corp., Newton, MA) film is coated and patterned to form elevated islands (with 20 µm × 20 µm footprint) to facilitate adhesion to the handle wafer. However, the adhesion between the nickel cantilever layer and individual SU-8 islands is not always reliable and may break during sacrificial release. To increase the strength of attachment, an additional nickel anchor resembling a mushroom can be added.
The structure can be electroplated onto the probe layer using a 2 µm thick photoresist mould. The electroplated material first grows following the confinement of photoresist mould and then grows laterally after the electroplated material exceeds the front surface of the mould. The final height of the anchor is 4 µm. The photoresist mould is then removed. SU-8 polymer is then spin coated and a vacuum is used to remove any bubble in the liquid phase polymer, allowing SU-8 to flow underneath overhanging, lateral grown features. The mushroom-shaped anchor firmly attaches the cantilever to SU-8 islands (figures 2(d )-(f ) ).
Next, a handle wafer is spin-coated with a 3 µm thick SU-8 layer. Without curing the SU-8 adhesion layer, the handle wafer is made to contact the front side of the device wafer. This is followed by an oven bake (90
• C and 10 min) to solidify the bonding ( figure 2(g) ). Finally, the Cu sacrificial layer is etched using a mixture of acetic acid, hydrogen peroxide and water (1:1:10). All of the fabricated nickel probes are transferred from the silicon 'mould' wafer to the handle wafer ( figure 2(h) ). The wet sacrificial etchant diffuses from the edges of the handle wafer towards the interior. The greater the array, the longer time it takes to fully remove the sacrificial material. The sacrificial layer etching lasts 24 h if the handle wafer is 7.5 cm × 7.5 cm. Fortunately, as long as the etchant for the sacrificial layer has negligible etch rate on all other materials, it does not present a serious concern. It may be possible to use etch holes on the handle wafer or device wafer to reduce etch time if necessary.
Scanning electron micrographs of a 25 × 40 array of SPM probes is shown in figure 3(a) . Tip-to-tip spacing is 100 µm in both directions. Figure 3(b) shows a single probe at step (f ) of the fabrication process. The mushroom-shaped anchor and the inverted pit are visible. Our experimental results show that high yield and great uniformity of tip sharpness can be realized even for an array spanning an entire 3 inch × 3 inch glass slide. Figure 4 shows individual SPM probes, each with a separate handle with dimensions compatible with probe holders in certain commercial SPM machines. These can be harvested for single probe SPM applications. Figure 5 shows contact-mode AFM and LFM images generated by a single probe while used with a commercial SPM machine (ThermoMicroscopes M5). The length, width and thickness of the probe cantilever are 350 µm, 30 µm and 2 µm, respectively. The force constant (estimated) is approximately 0.15 N m −1 . The radius of curvature of the tip is about 250 nm. We did not conduct AFM or LFM measurement using an array of tips, as this would require multi-probe read-out mechanism and electronics.
SPM probes with polymer materials
SPM probes with tips or cantilevers made of polymer materials may be of interest for several reasons. First, polymer polymer materials have smaller modulus of elasticity (Young's modulus). For example, the Young's modulus of polyimide is of the order of 3.5 GPa, compared with 190 GPa for silicon and 295 GPa for silicon nitride. For applications where highdensity two-dimensional SPM arrays are needed [16] , it is important to reduce the length of each probe while maintaining the force constant of the cantilever [17] . A smaller Young's modulus allows a probe length to be scaled down more readily.
(The force constant is proportional to the Young's modulus and inversely proportional to the cantilever length to the third power.) Lastly, the process of polymer materials usually does not require sophisticated equipments (e.g., low-pressure chemical vapour deposition machine for silicon nitride); it can be conducted at much lower cost (in terms of both materials and processing).
SPM probes with polymer cantilevers and tips.
An SPM probe with the cantilever and tip made of SU-8 photopatternable resist [21] is developed. SU-8 polymer is spincoated onto wafer at stage (c) of figure 1. The thickness of the cantilever is controlled by the spin rate. The radius of curvature of this new tip is approximately 250 nm. The probe has been successfully mounted on commercial SPM instruments for surface imaging. AFM topographical images of a pattern generated using an SU-8 probe and a commercial probe (Microlevers Type A AFM tip from ThermoMicroscopes Inc.) is shown in the figures 6(a) and (b). The SU-8 probe is 400 µm long, 40 µm wide and 70 µm thick.
If polymer is used as tips, the surface wear must be characterized and considered. Polymer tips made of SU-8 or polyimide will not last as long as tips made of metal, silicon or silicon nitride. However, we find that the probes last sufficiently long and may be suitable for certain applications. The polymer SPM probes would be of very low cost and dispensable.
We have conducted imaging of an identical surface feature 60 times using an SU-8 probe. In each run, a 50 µm × 50 µm area is imaged. The AFM images are consistent through all scans. AFM images obtained in the 1st and the 60th scans are shown side by side in figures 6(c) and (d ). The scan images associated with the 60th scan show more roughness, mostly attributed to repeated scanning of the same area. It is also found that after a linear scanning distance of ∼1.28 m (corresponding to one hundred scans of 50 µm × 50 µm area), a sharp tip is worn out to a flat top of ∼1 µm × 1 µm. Further study on tip wearing is to be studied and reported later.
Alternatively, the tip and cantilever can be made of a photodefinable polyimide film (HD-4000, HD MicroSystems, Parlin, NJ). A 1 M probe array, located on a 3 inch (7.5 cm) glass slide, is shown in figure 7 . The thickness of the cantilever is 4 µm. The tip-to-tip spacing is 50 µm in both directions. The footprint of each SU-8 adhesion island is 10 µm × 10 µm. A strong polyimide-SU-8 bonding eliminates the need to have mushroom-shaped mechanical anchors.
To improve the operational lifetime of SU-8 SPM probes, the polymer tip can be replaced with a metal tip. In this case, the tip can be formed by mould electroplating, preferably before the polymer is applied for cantilever. A schematic diagram of one possible process flow is shown in figure 8 . Selective electroplating of a metal in the pit would produce a tip (filled or shell-like). The spin coating and patterning of polymer cantilever follows the electroplating process. Such a probe has not been made but the feasibility is certain. The electroplating process takes place under room temperature.
SPM probes with PDMS tips.
Conventional SPM tips are made of hard materials such as silicon, silicon nitride, metal or cured polymer materials. We have developed a novel SPM probe with soft elastomer material (e.g., polydimethylsiloxane) as the tip material, with the cantilever being made of one of the following materials: polyimide, silicon nitride and metal. A fabrication process for an SPM probe with elastomeric tip and polyimide cantilever is shown in figure 9 .
The fabrication process again starts with single crystal silicon substrates with inverted pyramidal pits (figure 9). In order to form PDMS tips, a new process for precision patterning of PDMS is used. Details of the process for patterning silicone elastomer can be found in [18] . A PDMS precursor is poured onto the front surface of the wafer. A sharp blade is used to traverse through the front surface while maintaining contact, removing excessive precursor materials, leaving precursors only in recessed regions such as the pyramidal pits. The PDMS is cured, followed by the deposition and patterning of polyimide cantilever material. A PDMS handle is affixed to the end of the cantilever by adhesion, and the probe is released. If the cantilever is to be made of silicon nitride using low-pressure chemical vapour deposition, certain steps of the process are to be rearranged. The silicon nitride is deposited at high temperature (>700
• C), which may cause the soft tip to decompose if it is patterned first. The cantilever is first deposited and patterned, followed by the patterning of the tip.
One of the applications of an SPM probe with elastomer tip is scanning probe contact printing (SPCP), which is a new soft lithography method with smallest linewidth resolution of 150 nm. The SPCP method is motivated by the microcontact printing (µCP) method, widely used for patterning self-assembled monolayers and organic molecules including protein and DNA [19] . However, traditional microcontact printing requires a master mould with surface relief features. For spatial resolution ranging below a few micrometres, traditional photolithography masks are called for. These masks are noticeably expensive ($500-4000 each) and time consuming to prepare. A mask, once made, cannot be altered. The SPCP method, in contrast, uses an SPM probe with a PDMS tip for producing contact printing features one pixel at a time (figure 10). Complex, arbitrary features can be produced by connecting contact printing dots in dot matrix fashion.
A completed SPCP probe chip is shown in figure 11 . If high throughput is desired, parallel SPM probes can be used. We coated SPCP probes with ODT molecules and conducted contact printing on gold surfaces. The patterns were imaged using AFM machine in LFM mode. Depending on the size of dots and distance between dots, we can form either dashed lines or connected solid lines with different widths ( figure 12 ). More details of SPCP characterization can be found in [20] .
Discussions and conclusions
We discussed a general strategy for creating SPM probes using an efficient and low-cost process. The general mouldand-transfer fabrication strategy is discussed. Variations of fabrication sequence and materials are suggested. Many combinations of materials and fabrication processes are possible. We only explored four specific types of SPM probes, and found such probes capable of performing atomic force microscopy, lateral force microscopy and scanning probe contact printing. A two-dimensional array consisting of 1 M tips has been made using polyimide material to demonstrate the process uniformity and yield.
Active elements such as electrodes, actuators, thin film piezoresistors and piezoelectric materials can be accommodated using the general strategy. However, results are incomplete presently. Active probes and probes with position feedbacks will be studied and optimized in the future.
